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1. Introduction
Slide gate plate is one of the most important refractory 
for continuous casting of steel and it is characterized by a 
precise Á ow control and a safety operation[1].
In ladle service, slide gate plates are exposed to sudden 
thermal shock, physical abrasion by molten steel, as well 
as physical and chemical corrosion by molten steel and 
slag. Therefore, these pieces must have resistance to both 
thermal shock and corrosion[2]. One of the recent tendencies 
among slide gate plate damages is the increase of corrosion 
due to casting of Ca-alloy treated or high oxygen steel[1].
The structure of slide gate plates greatly inÁ uences the 
capacity and rate of steelmaking and has a big effect on 
steelmaking cost[2]. Then, according to the requirements of 
each steel shop, slide gate plates can be made of alumina-
graphite or magnesia-graphite. The À rst grade has the dis-
advantage that it is easily corroded by Ca- treated steels or 
high oxygen contents. On the other hand, basic materials 
have superior corrosion resistance compared to steel grade, 
but less thermal spalling resistance due to its high thermal 
expansion coefÀ cient[3]. Al2O3-ZrO2-C slide gate plates are 
being used in Ternium Siderar steel ladles.
This paper presents the characterization of three slide 
gate plates from different suppliers which include physical, 
chemical, and thermal properties. Also, the interaction with 
slags with different calcium oxide contents is evaluated. 
2. Experimental Procedures
Slide gate plates characterization includes:
Crystalline phases identiÀ cation by X-ray diffraction • 
(XRD); 
chemical composition determination by X-ray Á uores-• 
cence (XRF); 
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In Ternium Siderar Al2O3-ZrO2-C slide gate plates are used. In this paper, it is presented the evaluation of the wear mechanisms by 
calcium attack and the physical, chemical, and thermal characterization of three different slide gate plates. The characterization 
of the slide gate plates included: determination of the bulk density and apparent porosity, chemical analysis by X-ray Á uorescence, 
identiÀ cation of mineralogical phases by X-ray diffraction, and DTA-TG analysis up to 1,400ºC (DTG-60H equipment). Besides, there 
were carried out corrosion tests with SiCa and synthetic slags with 50% of calcium oxide.
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bulk density and apparent porosity determination ac-• 
cording to the ASTM 20–80a Standard;
differential thermal analysis and thermogravimetric • 
(DTA-TG).
Static corrosion tests were carried out with two aggres-
sive agents: SiCa powder and a synthetic slag of alumina-
calcium oxide. Tests with SiCa powder were divided into 
three groups:
Group I: included seven thermal treatment cycles – • 
the À rst six cycles up to 1,000°C and the last one until 
1,450°C;
group II: four cycles up to 1,550ºC;• 
group III: four cycles up to 900ºC.• 
In all cases the residence time was 45 minutes at high 
temperature and subsequent cooling in the oven. 
The corrosion test with synthetic slag was performed 
at 1,600°C during 1 hour in Carbolite HTF 17/5 chamber 
furnace.
The test specimens and lids were made of slide gate plate 
materials in order to evaluate the attack by calcium vapors. 
The test specimens and lids scheme are presented in Fig. 1.
Fig. 1   Crucible and lid made from the slide gate plates materials.
lid 3.5 cm 
1.6 cm 
crucible 2.0 cm 
5.0 cm 
Table 1    Slide gate plates chemical composition
Oxide (%) I II III
Al2O3 74.8 73.4 71.6
SiO2 11.5 13.8 12.6
ZrO2 7.1 4.9 4.7
Fe2O3 < 0.1 0.4 1.1
CaO < 0.1 < 0.1 0.1
Weight loss 5.4 6.9 9.2
Fig. 2   DTA-TG result for the different slide gate plates.
(1)
(2)
(3)
Table 2    Bulk density and apparent porosity of slide gate plates
Material Apparent porosity Bulk density
I 5.1 3.28
II 5.0 3.31
III 4.1 3.10
3.4 Corrosion Test by SiCa Powder
Chemical composition determined by X-ray Á uorescence is 
presented in Table 4, and the critical temperature is pre-
sented in Table 5. The Á uidity temperature is 1,429°C.
3. Results
3.1 Chemical Composition and DTA-TG Analysis
Chemical analysis determinations by X-ray Á uorescence 
are presented in Table 1. DTA-TG results are represented 
in Fig. 2.
3.2 Bulk Density and Apparent Porosity
The physical properties of the different slide gate plates 
are presented in Table 2.
3.3 Crystalline Phases
The main crystalline phases are shown in Table 3.
ATD
ATD
ATD
TG
TG
TG
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Fig. 4   Surface aspect of the lid and the crucible – sixth cycle – material II.
Table 3    Slide gate plates main crystalline phases
Phases I II III
Corundum – Al2O3 9 9 9
Mullite – Al6Si2O13 9 9 9
Baddeleyite – ZrO2 9 9 9
Quartz – SiO2 9 — Traces
Aluminum silicate – Al2Si4O10 — 9 —
Graphite – C — 9 9
Aluminum – Al Traces — —
Silicon – Si — — Traces
Aluminum-Silicon Traces — —
Table 5    SiCa powder critical temperature
IT (ºC) ST (ºC) HT (ºC) FT (ºC)
SiCa 1,419 1,426 1,428 1,429
Table 4    SiCa powder chemical composition
Elements (%) SiCa
Al < 1
Si  51
Ca  43
Fe  5
3.4.1 Group I
Seven cycles – the À rst six cycles up to 1,000ºC and the 
last one until 1,450°C. The test specimen aspects show the 
decarburization advance (Figs. 3–5). In material III surface 
alteration on the lid inner side was observed from the sec-
ond cycle.
Table 6 shows decarburization thickness after each cy-
cle of material test performed in Group I. Table 7 shows the 
average and the maximum content of calcium oxide deter-
mined on the surface lids materials by EDS analysis.
Fig. 3   Surface aspect of the lid and the crucible – sixth cycle – material I.
Lid Crucible
2 cm
Lid Crucible
1.8 cm
Table 6    Decarburization thickness after each cycle – Group 1
Temperature Cycle # I II III
1,000ºC
1 5.4 mm 3.2 mm 4.1 mm
2 7.5 mm 5.5 mm 6.1 mm
3 9.8 mm 6.5 mm 7.6 mm
4 11.5 mm 7.5 mm 8.5 mm
5 13.1 mm 8.5 mm 9.8 mm
6 13.3 mm 10.1 mm 11.8 mm
Table 7    Surface EDS analysis on the different lids
Temperature Cycle # %CaO I II III
1,000ºC 1–6
Average 0.9 1.2 1.0
Maximum 1.2 1.7 1.5
1,450ºC 7
Average 0.5 0.3 0.5
Maximum 0.6 0.5 0.8
3.4.2 Group II
Four cycles to 1,550ºC: crucible 1, after the fourth cycle, 
shows glassy phase formation around the hole, a dense crust 
on the inner wall, and some silica crystals on the surface. 
Crucible material and crust were stick on the lid (Fig. 6). 
Fig. 7 shows the material II after the fourth cycle, which 
shows slight glassy phase formation around the hole and the 
hole perimeter mark on the lid.
Fig. 5   Surface aspect of the lid and the crucible – sixth cycle – material III.
Lid Crucible
1.8 cm
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Fig. 8 shows material III crucible and lid aspect after 
the third cycle. Slight glassy phase formation, foamy struc-
ture and spherical and transparent silica particles were ob-
served in the hole crucible. Accentuated decarburization, 
surface material detachment and coloration change were 
presented on the lid. Material surface vitriÀ cation and crust 
in the hole were observed in the fourth cycle. Adherence of 
the crust was presented on the lid.
Table 8 summarizes the decarburization thickness after 
each cycle of material test performed in Group II.
Fig. 6   Fourth cycle to 1,550ºC – lid and crucible aspect – material I.
Fig. 7   Fourth cycle up to 1,550ºC – lid and crucible aspect – material II.
Fig. 8   Third cycle – 1,550ºC – lid and crucible aspect – material III.
Table 8    Decarburization thickness – group II
Temperature Cycle # I II III
1,550ºC
1 3.2 mm 2.4 mm 4.1 mm
2 4.8 mm 3.3 mm 6.5 mm
3 6.7 mm 4.4 mm 9.2 mm
4 8.1 mm 5.7 mm 9.9 mm
Fig. 9   Lid and crucible aspect after fourth cycle – material I.
Fig. 10   Lid and crucible aspect after fourth cycle – material II.
Fig. 11   Lid and crucible aspect after fourth cycle – material III.
Table 9    Decarburization thickness – group III
Temperature Cycle # I II III
900ºC
2 3.3 1.7 2.5
3 7.0 5.1 5.8
4 8.4 7.2 6.8
Table 11    Critical temperature of synthetic slag
Slag IT (ºC) ST (ºC) HT (ºC) FT (ºC)
Al2O3/CaO 1,483 1,502 1,514 1,517
Table 10    Al2O3/CaO synthetic slag chemicals composition
Elements (%) Al2O3/CaO
MgO  5
Al2O3 42
SiO2  2
CaO 37
Fe2O3  1
PxC 12
3.4.3 Group III
Four cycles up to 900ºC. Figs. 9–11 show the test specimen 
aspect. In general decarburization was observed and color 
change in the center of the lid. Table 9 shows decarburiza-
tion thickness after each cycle.
3.5. Slag Corrosion Test with Synthetic Slag – 
Al2O3/CaO
Table 10 shows the Al2O3/CaO synthetic slag chemical com-
position determined by X-ray Á uorescence and Table 11 
shows the critical temperature. The Á uidity temperature 
is 1,517°C.
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Fig. 12 shows the materials aspect after the treatment 
up to 1,600°C. Material I presented structural integrity deg-
radation: decarburization, cracks, iron concentrations, and 
detachment material (Fig. 12a). Materials II and III main-
tained its structural integrity despite the decarburization 
(Figs. 12b and 12c). A cross section was carried out in each 
crucible in order to analyze the slag attack (Fig. 13). Sam-
ple I showed the highest degradation degree.
Fig. 12   Static corrosion test with synthetic slag – 1,600°C – 1 hour.
(a) Material I (b) Material II (c) Material III
Fig. 13   Wear proÀ le and slag penetration of the test specimen.
cient[5]. Small mullite crystals in the matrix promoted more 
elastic texture that can absorb thermal stress[4].
Table 12 presents a properties summary of the three 
slide gate evaluated, which shows:
Alumina content in the same order;• 
mullite, corundum, and baddeleyite presence. Material • 
I presents highest zirconium oxide content and silica pres-
ence;
material III presents greater weight loss, both at 950°C–• 
1,400°C;
exothermic peaks corresponding to organic compounds • 
oxidation[6] and graphite oxidation from the 700°C[7].
In order to obtain high clean steels low content calcium 
is used in secondary metallurgy process for the modiÀ cation 
of inclusions, deoxidation, and desulfurization. But on the 
other side, the presence of this calcium accelerates refrac-
tory slide gate plate wear, whereby it is regarded as an ele-
ment of high impact on the cost of refractory.
In the literature two wear corrosion mechanisms by cal-
cium attack in slide gate plate are analyzed. The À rst re-
lates to calcium oxide formation (CaO) through the combi-
nation of calcium with oxygen dissolved in the steel, which 
then reacts with the alumina and silica present in the re-
fractory structure, forming low melting point (< 1,395°C) 
compounds, which are liquid at casting temperature 
(1,560°C)[8].
Corrosion tests with powder SiCa to 1,550°C, in addition 
to determining the calcium incorporation in the refractory 
material, crust surface formation in the crucible, and glassy 
Table 12    Properties of the three slide gate plate in study
I II III
Al2O3 (%) 74.8 73.4 71.6
SiO2 (%) 11.5 13.8 12.6
ZrO2 (%) 7.1 4.9 4.7
P*C (%) to 950ºC 5.4 6.9 9.2
Crystalline phases:
- Graphite 9 9 9
- Mullite 9 9 9
- Baddeleyite 9 9 9
- Graphite — 9 9
- Antioxidant element 9 — 9
- Silica (-quartz) 9 — Traces
Bula density (g/cm3) 3.28 3.31 3.10
Apprent porosity (%) 5.1 5.0 4.1
ATD- TG:  
Exothermic peak (ºC) 573–652 552–644 580–639
Weight loss (%) 2.0 4.0 2.4
Exothermic peak (ºC) 665–715 662–707 644–726
Weight loss (%) 1.2 1.1 2.4
Exothermic peak (ºC) — 707–800 726–900
Weight loss (%) 1.8 3.8
Weight loss (%) a 1,400ºC 6.5 7.9 11.6
4. Discussion
The severity degree of different chemical, physical and 
thermal stresses that affect the slide gate plate service 
performance depends on steel composition, its tempera-
ture, speed, and casting time[4]. The main causes of slide 
gate plate wear are: cast hole diameter increase by ero-
sion, cracking due to thermal shock, surface spalling, sur-
face damage by steel adherence, and chemical corrosion by 
steel and slag[2,4].
One of the main properties required for slide gate plate 
is thermal shock resistance. Base corundum materials, with 
alumina between 85%–95% and mullitic matrix have good 
behavior under this stress[4]: - alumina has linear thermal 
expansion and mullite has low thermal expansion coefÀ -
Crucible
proÀ le
Altered
proÀ le
I
Crucible
proÀ le
Altered
proÀ le
II
Crucible
proÀ le
Altered
proÀ le
III
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by Ca action, under both corrosion mechanisms: CaO forma-
tion and Ca vapor formation.
The material identiÀ ed as I was the one which presented 
less corrosion resistance by synthetic slag, due to the silica 
presence that interacts with alumina and calcium oxide 
with low refractoriness phases formation.
The study carried out serves as the basis for determin-
ing the operation time of the different slide gate plate; but 
other process parameters (Ca ppm, casting speed, oxygen 
opening etc.) should be taken into account.
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phase generation around the crucible hole were observed. 
These behaviors are associated with the interaction be-
tween the Ca and refractory compounds.
Regarding the corrosion test performed with synthetic 
slag, it was determined that material I presented less slag 
corrosion resistance and structural refractory disintegra-
tion: cracks, iron concentrations, and spalling. This material 
has free silica as -quartz, oxide susceptible to low melting 
point compounds formation. According to phase equilibrium 
diagram for CaO-Al2O3-SiO2 system, the calcium oxide reacts 
with refractory phases and forms low melting compounds, 
such as: anorthite (CaO.Al2O3.2SiO2) and gehlenite (2CaO.
Al2O3.SiO2), which generate severe corrosion wear. 
Wear slide gate plate by calcium vapor is another corrosion 
mechanism of these pieces[8]: Ca vapor migrates directly to 
the slide gate “dead zones” during the steel casting when the 
system works partially opened. The refractory oxides present 
in the slide gate structure (SiO2 and Al2O3) are reduced by cal-
cium, destabilizing the refractory matrix and generating wear 
due to corrosion on the surface. Reactions are:
ȏCaȐΪSiOʹαʹCaOΪSi
ȏCaȐΪAlʹO͵α͵CaOΪʹAl
Depending on the different thermal treatments carried 
out in the laboratory, it was identiÀ ed calcium in the cruci-
bles lid from the SiCa inside. This phenomenon is associated 
with Ca vapor formation, which has a boiling temperature 
of 1,440°C[9] and vapor generation from 842°C[10]. Treat-
ments performed at 1,000°C, averages values of 1% CaO 
and 1.7% maximum content were determined.
5. Conclusions
The different wear mechanisms of slide gate plate are asso-
ciated to each steelmaking shop operation (steel composi-
tion, casting temperature, Á ow necking etc.) and the type 
of refractory material used in the manufacture.
Throughout the test performed, it was corroborated the 
susceptibility of the three types of Al2O3-ZrO2-C materials 
(1)
(2)
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